Abstract -The measurement of the total losses of electrical machines is of most interest to designers for verifying their calculations. These measurements can be done in various ways, however, some lead to more accurate results than others. We will show why the conventional input-output procedure does not result in accurate loss figures. An alternate method is proposed. For this purpose a calorimetric measurement facility was designed and implemented. This paper is intended to present the calibration procedure for this facility, as well as results of tests performed on a 10 hp induction motor.
INTRODUCTION
Heat run tests performed on electric machines to determine the total loss of energy dissipated as heat are extremely important to both manufacturers and users. It is a well-known fact that the operating temperature of an electric machine has a very strong relationship with the life duration of the insulation. This dependence represents one of the most important aspects in the design process, as well as in the operation of the machine. The insulating materials mostly used for coating the machine's windings are organic in nature, and are adversely affected by thermal decomposition (thermal aging). This is a chemical process, which strongly depends on time and temperature, ultimately leading to loss of mechanical durability and dielectric strength. A very simple empirical rule [1] , which illustrates the dependence of organic insulating materials on temperature, states that for each additional 8° to 10° in temperature, the life of the insulation is reduced by 50%.
The above considerations have forced introduction of maximum allowable operating temperatures for electric machine insulation, specified by different regulatory bodies, such as ANSI, IEEE and NEMA. [2] The assessment of temperature rise of an induction machine under full load condition is of major importance for the reliability characteristics of the machine. It also represents valuable information for the designer, manufacturer and user.
The designer would like to have an optimally designed machine so that the manufacturer is competitive, while the user would like to make sure that the motor has a proper working life.
Temperature rise in electric machines occurs as a result of different losses inside the machine. Although there is an established body of literature on the subject, measuring the total amount of power loss is still a rudimentary process, often lacking the degree of accuracy one would desire. The most frequently used method of total loss measurement is the conventional input-output procedure, which will be described in the following chapter. Based on a theoretical example, we will show that the results yielded by this method have a large percentage of error. An alternate method of measuring total losses in electric machines is proposed and analyzed. For this purpose a calorimetric measurement facility was designed and implemented in our laboratory. Proper calibration procedures were developed and performed on this measurement system, in order to ensure the degree of accuracy desired. Tests were performed on a 10 HP induction motor, and the results of these measurements are presented here
CONVENTIONAL LOSS MEASUREMENT (INPUT-OUTPUT PROCEDURE)
This is the most frequently used method of total loss measurement for electric machines. It is based on the very simple energy conservation equation:
P loss = P in -P mech (1) Where: P loss = Total power losses in the motor; P in = Active input power; P mech = Mechanical power produced at the shaft of the motor.
With the motor connected to a conventional load tool (a dynamometer or a generator with resistors in the output circuit), rated operating conditions are established (rated load is applied to the motor shaft). The input power P in and the output power P mech are measured, and the motor total losses are computed as the difference. The input power P in is usually calculated with: This power is normally measured by means of the Two-Wattmeter method (Fig. 1) . The Wattmeters W1 and W2 could be two Watt-transducers or a single two-phase Watt-transducer. P in is measured in Watts, U in Volts (rms) and I in Amperes (rms). The output power P mech (Watts) is calculated from the following equation:
Where: T = Torque developed at shaft (Nm); n = Shaft rotational speed (RPM). The calculation of a small difference between two large quantities (P in and P mech ) does not produce an accurate result. This can be illustrated with the following example. For a large induction motor the measurements yielded the following results: P in = 3000 kW; P mech = 2900 kW; Therefore: P loss = 100 kW. The instruments employed in the measurements have the following tolerances:
For input power: Potential Transformers: ± 0.5 % of full-scale value. Current Transformers: ± 0.5 % of full-scale value. Power Factor: ±0.5 % of full-scale value. Therefore P in accuracy is 1.5 % (or ± 45 kW) or: 2955 kW < P in < 3045 kW For output power: Strain gauges (torque measurement): ± 3 %; RPM measurement tolerance: ± 1 %; Therefore: P mech accuracy = ± 4 % (or ± 116 kW) or: 2784 kW < P mech < 3016 kW The calculated losses are now in the range: 0 < P loss < 261 kW Clearly, there is a high degree of inaccuracy, which makes the loss figure totally unacceptable. Furthermore, the temperature of motor is not known either. A more accurate method is proposed now.
CALORIMETRIC HEAT MEASUREMENT
Calorimetric experiments are designed for the measurement of heat and the determination of heat capacity. Heat is evolved in exothermic processes and absorbed in endothermic processes; such processes include chemical reactions, transitions between the states of matter, and the mixing of two substances to form a solution (see thermodynamics). A number of different units are used in heat measurement, e.g., the calorie, the British thermal unit (Btu), and the Joule.
The apparatus used in heat measurement is called a calorimeter. The measurement given by the most common type of calorimeter depends upon the temperature change in a fixed quantity of water (or some other liquid whose heat capacity is known) when heat is transferred between the water and an exothermic or endothermic process. If the temperature change is not too large, then the heat transferred is equal to the heat capacity of the water times the mass of the water times the change in temperature. Q = m C ∆T
Where: m = mass of water; C = heat capacity of water (4186 Ws/l°C); DT = change in temperature;
The accuracy of this method of heat measurement depends on the assumption that all the heat transferred in the process passes into or out of the water in which the temperature change is measured, no heat being lost to the environment and none being absorbed by the walls of the container. The amount of heat given off by the source of energy (combustion of a fuel, losses of an induction motor, etc.) can be determined very accurately in this way. Another type of calorimeter (more difficult to implement) is the so-called bomb calorimeter, which consists of a combustion chamber (the "bomb") set in another chamber filled with water. Heat generated by combustion of the fuel is transmitted to the water, raising its temperature.
[3]
IMPLEMENTATION OF MEASUREMENT FACILITY
We designed and implemented in our laboratory a calorimetric facility capable of accommodating small to medium sized motors. The main component of this facility is a completely heatinsulated chamber (Fig. 2.) . The motor to be tested is placed inside the calorimetric box, with the shaft protruding through one of the walls. The shaft is mechanically connected to the load tool, thus allowing full load to be applied to the motor.
Even though designed with mobile and opening faces for full and quick access to the interior, special precautions have been taken in order to ensure a minimum amount of heat loss between the interior of the chamber and the exterior. The interior of the chamber (top, bottom and lateral walls) was padded with thick layers of styrofoam. The motor was bolted to a wooden frame inside the calorimetric box, and a different set of bolts was used to secure the box to the main testbed, so that there was no direct metal connection between the motor and the exterior of the chamber. The openings for the shaft, water intake and water output were designed to have a very tight fit. Three air -water heat exchangers were placed inside the calorimetric box. They were connected in series with the water flowing from one to another. A 300-liter water tank was used to store the cold water that supplied the heat exchangers. This reservoir was connected to a regular city water outlet (cold tap water), and was equipped with a pressure valve which would shut off water admission at a specified pressure at the bottom of the tank. Thus, the water level in the tank was regulated within a very narrow interval. Since no pumps were used, the water flow was natural (gravitational), at a very stable rate of flow (constant debit). The value of the water debit could be easily adjusted in a significant range, by setting the pressure valve inside the water tank to different values of cut off pressure. A multichannel digital data logger was used to monitor temperatures at various points in the system. Table 1 . shows the type and position of the thermocouples used.
Each heat exchanger was equipped with a separate fan, which forced the warm air through. Since the fans were DC motors, we were able to adjust their speed in a very simple manner, thus controlling the amount of air turbulence and air exposure each heat exchanger would be subjected to. In this way, the temperature inside the calorimetric box could be controlled in a very simple and efficient manner. For a given (constant) rate of energy being released inside the box, the speed of the fan can be adjusted so that the air temperature inside the box would reach a desired steady value. The range of temperature control using this method is very good, being limited by only the temperature of the water flowing in the system, and maximum speed the fans can develop. Obviously, the fans are themselves an energy source inside the calorimetric box, and their contribution needs to be accounted for when conducting measurements. This is however, a very simple task, requiring monitoring of the DC voltage and DC current to the fans.
The temperature control feature described above can be extremely useful when trying to explore a device's performance at different ambient temperatures. For example, a motor designer and manufacturer can fine tune the design of a motor, according to specific customer temperature requests, using an exact and direct design verification method, without relying on old and sometimes erroneous extrapolating correction factors and curves.
CALORIMETRIC CALIBRATION PROCEDURE
The calorimetric measurement facility needs to be calibrated in order to exactly assess its response during measurements. To calibrate this calorimetric box, a number of resistors were placed inside the box, and connected to an external power source. The amount of power injected into these resistors was carefully controlled and monitored. By adjusting the pressure valve in the water supply tank, the waterflow (Q) was set to a specific value (Q1). The power injected into the resistors was varied inside the working range for which the box was designed. For each value of power injected, measurements were taken of the temperatures of the incoming and outgoing water. The power extracted by the water was then calculated using equation (4) . Next, the heat generated by the resistors was estimated by subtracting the power that was put in by the fans. This procedure was repeated for three different values of water flow, in order to obtain a During the initial stages of the experiments a clear need for forced air ventilation emerged. The heat generated inside the calorimetric chamber needed to be transferred at a fast rate to the water. Otherwise, the air temperature inside the box would rise to unacceptable values ( >100 °C), before the equilibrium state would be attained. Ideally, if there was no heat loss between the interior and exterior of the box (if all heat transfer would occur through the water flow), the data in the above tables would generate straight lines when power is plotted against the measured difference in temperature. Also, if extended, these lines would cross the origin of the axis. On the other hand, if the amount of loss through air leaks is high, the plot would curve up for larger values of power, and the extension would obviously fail to cross the origin. The plot generated in this manner is illustrated in fig. 3 , and illustrates the following equation linking the power extracted from the box to the waterflow and the water temperature difference:
Const.= Calorimeter Constant; Q = Waterflow; DT = Water Temperature Difference.
TEST RESULTS FOR 10HP INDUCTION MOTOR
The calorimetric measurement facility described in the above chapters was used in our laboratory to determine the total amount of heat losses generated by a 10 HP induction motor under full load operating conditions. The motor tested has the following (face plate) characteristics: motor's windings and rear bearing. The motor was placed in the calorimetric box, with the shaft protruding. The shaft was then connected via a torque transducer to a load tool (a DC machine acting as a generator), and rated load was applied to the motor . The speed of the fans on the air-water heat exchangers was adjusted to keep the air temperature inside the box (motor ambient temperature) at 30 °C, a normal value for regular motor operation. Also, the waterflow (Q) was adjusted to 240 liters per hour.
During the experiment, temperatures were monitored in the stator windings and in the rear bearing of the rotor. This allowed us to analyze transient temperature evolution, and also, to determine the time period that the motor needed to reach steady state operating conditions. Figure 4 depicts the experimental temperatures during transient operation.
Once the motor attained its steady state operation point (constant temperature inside the windings), the temperatures of water entering and exiting the box were recorded. The total heat loss was then determined as per Table 5 . During the experiment previously described, measurements were also taken of input power drawn by the motor, by monitoring line to line voltage, line current and power factor. In the same operating conditions, the conventional Input-Output method was applied for determining total losses of the motor. The input power was determined by inserting the recorded values into equation (2) . The mechanical power released by the motor was calculated from the torque developed at the shaft and the rotational speed, according to equation (3) . The total motor losses were then determined as the difference of input and output power, according to equation (1) . The results of the conventional total loss determining method are presented in Table 6 .
CONCLUSIONS
The results of the measurements presented in Tables 5 and 6 clearly show a difference in the value of the total losses of a 10 HP induction motor under full load operating conditions. While the conventional Input-Output procedure yielded total losses of 1165 W, the calorimetric method led to a more accurate figure (in our opinion), of 1211 W. The difference of 46 W, or 3.8 %, can be attributed to the combined measurement error of the different instruments which were used during the experiment. This is a significant error figure, especially when realizing that it was obtained for a small motor, according to industry standards. If things are put into perspective, the error figures for a large motor (in the hundreds of kW or even MW range), can amount to very large numbers. Since the accurate prediction of the machine's power losses has central importance in evaluating the temperature rises in induction machines, this can lead to motor overheating and a drastic reduction of the life span of the machine.
The implementation of such a calorimetric measurement facility does not require very complicated processes, or expensive setups, tools or materials. In our opinion, this is a very useful tool, which can help motor designers to verify their calculations, and at the same time, can be employed in the heat run tests by motor manufacturers.
The calorimetric measurement facility can be very successfully employed for synthetic loading tests performed on electric machines by a growing number of motor manufacturers. Its advantages become more evident as the voltage and current fed into the machine contain different frequency components. The effect of continuously shifting the phase angles added to highly nonsinusoidal waveforms, expose the direct voltage and current readings to a large degree of inaccuracy. The same type of advantages can be taken into consideration when the motor is supplied from a PWM power inverter. Due to the harmonic content, accurately measuring the input power can become a diffi- The calorimetric method of measuring total losses of electric machines proved to be a valid and a more exact alternative to the conventional Input-Output method of heat loss measurement. When combined with the capability of controlling the ambient air temperature, this alternate method provides a very complete and accurate image of the motor's performance without relying on experimental extrapolating corrections.
